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THE EFFECT ON LIFT, DRAG- , AND SPINNING CHARACTERISTICS 
OF SHARF LEADING EDGES ON AIRPLANE WINGS 
By Fred E . Weick and Nathan F. Scudder 

SUMMARY 



An investigation with special reference to autorota- 
t ion and spinning was conducted in two wind tunnels and in 
flight to find the aerodynamic effects of adding a sharp 
leading edge to a wing section. 

In the wind-tunnel investigation f r ee-aut or otat ion 
tests, forced-rotation tests, and lift and drag tests were 
made on modified Clark Y airfoils in the 7 "by 10 foot wind 
tunnel, and check tests on the lift and drag characteristics 
at several values of the Reynolds Number were made in the 
variable-density wind tunnel. Two different forms of sharp 
leading edge were tried. Both reduced the maximum unstable 
rolling moment tending to start aut o r o t a t i on , but neither 
had a substantial effect on the final rate of free autoro- 
t at ion . 

In the spin tests in flight, which were made on a 
small training biplane, the addition of sharp leading 
ed.es produced favorable effects, causing a decrease in the 
angle of attack and rate of rotation and making the con- 
trols more effective. The flight and wind-tunnel tests 
agreed in showing that the use of the sharp leading edges 
is accompanied by a substantial reduction in the maximum 
1 if t coef f ic ient . 



INTRODUCTION 



Two commercial airplane manufacturing organizations 
have recently renorted the elimination of undesirable spin- 
ning chrrac t er is t ics of certain of their airplanes by add- 
ing sharp leading edges to the wings. Since these reports, 
tests have been made in the variable-density wind tunnel on 
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the lift and drag characteristics of a flftt t ingen 398 air- 
foil with two different sharp leading edges added. (Refer- 
ence 1.) With either of the sharp leading edges the maxi- 
mum lift coefficient was reduced to the point where there 
was little negative slope to the curve of lift coefficient 
against angle of attack "beyond the stall, indicating that 
the tendency to autorotate had teen considerably reduced. 

The investigation has been extended by finding the ef- 
fect of a sharp leading edge on the aut or otat ional charac- 
teristics of an airfoil in a wind tunnel and also on the 
spinning characteristics of an airplane in flight. The 
wind-tunnel experiments include "both f r e e- aut or ot at i on tests 
and forced-rotation tests, as well as lift and drag tests 
in the 7 "by 10 foot atmospheric rind tunnel. The "basic air- 
foil used in these tests was the Clark Y and two different 
sharp leading edges essentially similar to those used, on 
the G-btt ingen 398 airfoil in the varia Die-density wind tun- 
nel tests were added. The tests of the modified Clark Y 
airfoil in the 7 "by 10 foot tunnel, however, showed greater 
negative slope to the lift curve at angles of attack just 
above the stall than would have "been expected from the va- 
riable-density tunnel tests on the modified Gbttingen 398. 
In order to obtain a direct check on this point additional 
tests were made in the var iabl e- den s ity tunnel on the mod- 
ified Clark Y section having the sharper of the two shart) 
leading edges tested in the 7 by 10 foot tunnel. 

In the flight tests, measurements were made to deter- 
mine the effect on the steady spin and on the performance 
in normal flight of the addition of a sharp leading ed^e, 
corresponding to the sharper of the two used in the wind- 
tunnel tests, to the wings of a small biplane. The effect 
of the sharp nose on the performance of the airplane was 
obtained by simple measurements of the minimum speed in 
gliding flight and of the maximum speed in level flight. 

The results of all the above-mentioned tests are given 
in this paper, the material being divided for convenience 
into two parts, Part I dealing with the wind-tunnel tests 
and Part II dealing with the flight tests. 
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PART I - WIND- TUNNEL TESTS SHOWING EFFECT ON 
LIFT, DRAG , AND AUTOROTAT ION 
By Fred E. Weick 

Apparatus and Methods 

^?J3t ±^- r k yfaq 7 by 10 foot tunnel »~ The sharp-nosed 
models were formed by adding Plasticine to the leading edge 
of a 10 "by 60 inch laminated mahogany Clark Y airfoil, as 
shown in Figure 1. With the first modification, the Clark 
Y-A, the sharp leading edge was 1 per cent of the wing 
chord ahead of the original leading edge, and with the sec- 
ond inodif icat ion, the Clark Y-B, this projection was 2 per 
cent . 

The 7 "by 10 foot wind tunnel together with its balances 
and rotation gear is described in reference 2. For free- 
autorotation tests the model is mounted on a shaft parallel 
to the air flow and supported freely on hall hearings. The 
forced-rotation teats are made with the same shaft driven 
by an electric motor. 

All the present tests were made at the same air speed 
(80 m.p.h.). The forced-rotation tests, which were made to 
show the tendency of the rotation to increase or to damp 
out, all were made at one rotational velocity corresponding 
to a value of the coefficient 



RL:° = 0.0 5 
2 V 

where p' is the angular velocity about the wind axis, b 
is the span of the wing, and V is the air velocity. This 
value has been indicated by flight experiments to be the 
highest rolling velocity lively to be encountered in flight 
in gusty air while the pilot is attempting to hold a steady 
cour s e . 

Test i n_t h e _va_r i ab 1 e- d e us i t v _t_un : ne 1 The variable- 
density tunnel and the methods used in the airfoil tests 
are described in reference 3. 
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Resul t s 



L jtt . - Values of the lift and drag coefficients for 
the different angles of attack are ,?iven for the original 
Clark Y airfoil and the two modifications in Figure 2, the 
coefficients for all the airfoils "being based on the total 
area. Both modifications- give maximum lift coefficients 13 
per cent lover than the original Clark Y "but their lift 
curves still have a definite negative slope just above the 
stall. The curve&of the normal-force coefficient against 
angle of attack (fig. 3) also have decided negative slopes 
in .the region just above the stall. This result indicates 
that under the conditions of the present test the sharp 
leading edges should reduce the autorotation tendencies, 
somewhat "but not to the extent indicated by the variable- 
density tunnel tests with the modified Obttingen 398, where 
the maximum lift coefficient was reduced 2 6 per cent and 
the negative slope of the normal-force coefficient curve 
was reduced to a relatively, small value. For this reason 
the following check tests were made with a model of the 
Clark Y-B airfoil in the var iabl e- d ens i t y tunnel. 

Check - tests in variable?- dens jtty tun nel.- A 5 by 30 
inch aluminum alloy model was tested at the Reynolds Number 
of the 7 by 10 foot tunnel tests (609,000), and at Reynolds 
Numbers of 167,000 (l atmosphere) and 3,120,000 (20 atmos- 
pheres). As shown on Figure 4, at a Reynolds Number of 
509,000 the value of C-r „ v and the angle at which it oc- 

curred were approximately the same as in the 7 by 10 foot 
tunnel test, but the lift coefficient did not decrease as 
rapidly beyond the maximum. 

It was thought that the leading edge of the variable- 
density tunnel model might have been appreciably sharper 
than that of the 7 by 10 foot tunnel model which was formed 
of Plasticine. The leading edge of the variable-density 
tunnel model was therefore rounded until the chord was 
shortened by 0.010 inch. The form of the point is shown by 
the magnified sketch on Figure 4. This model was then 
tested at 1 and at 20 atmosp-heres . The lift-curve peak was 
flattened at 20 atmospheres and sharpened at 1 atmosphere, 
but the shape beyond the stall was not altered appreciably. 
•It s concluded that the discrepancy between the curves 
from the variable-density tunnel and 7 by 10 foot tunnel 
tests should be attributed to a difference in the nature of 
the air flow in the tunnels. 
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Drag^- The profile-drag coefficients are plotted 
against lift coefficient for "both the 7 by 10 foot tunnel 
tests and the high Reynolds "u:;ber variable-density tunnel 
tests in Figure 5. The valnes are, of course, lower for 
txie var iabl e- dens ity tunnel tests made at a large value of 
the Reynolds Number, but the results from botn tunnels 
agree in showing a slightly lower minimum profile drag for 
the sharp leading-edge section than for the original Bl&tfk 
Y . 

Forced ro t a t i on The results of the forced-rotation 
tests are given in terms of a coefficient of rolling moment 
due to rolling 

C — rolling moment^ 
\ q b S 

where q is the dynamic pressure, b is the span, and S 
is the area of the wing. Moments aiding rotation are con- 
sidered positive. The values of EK plotted against an'le 

of attack are given for both directions of rotation in Fig- 
ure 6. The maximum values of indicating instability 

which were found with either of the sharp leading-edge air- 
foils are only about one-third that for the original Clark 
Y . The tendency to autorotate is therefore greatly reduced 
with either form of sharp leading edge, both being about 
the same in this respect. The angle of attack for initial 
instability is about the same for the original Clark Y and 
the Clark Y-A, but the Clark Y-B becomes unstable at a 
Slightly lower angle of attack, as would be ejected from 
an examination of the lift and normal- force curves. 

Fr.e e bxl t o<r otat i on » - The rate of ant orota t ion is shown 

V 1 b 

for each of the airfoils fey the curves of ips: against an- 
gle of attack in Figure 7. It will be noticed that even 
though the tendency to start to autorotate, as shown by 
Figure 5, is greatly reduced by the addition of either of 
the sharp leading edges, the final rate of free autorota- 
tion is about the same as that of the original Clar-: Y 
throughout most of the angl e~ of-at t aok range. The maximum 
rotational velocities are definitely lower with the sharp 
leading edges, but not by a great amount. 

The Clark Y-B started to autorotate at an angle of at- 
tack 3° lower than either the original Clark Y or the Clark 
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Y-A, which is in approximate- agreement with the indications 
given "by "both the forced rotation and the lift and drag 
tests. 

Conclusions 



1. Both the sharp leading edges tested reduced the 
maximum unstable rolling moment tending to start autorota- 
t ion to about one-third the value for the original Clark Y 
airfoil, hut neither had a substantial effect on the final 
rate of free ant orotat ion, 

2. Both the sharp leading edges reduced the maximum 
lift coefficient 13 per cent in the 7 by 10 foot tunnel 
tests. The high Reynolds Number test of the Clark Y-B in 
the variable-density tunnel showed a reduction of 29 per 
cent . 



PART II - FLIGHT TESTS SHOflJJG EFFECT ON THE 
SPIN AND PERFORMANCE OF THE XN2Y-1 AIRPLANE 
By Nathan F. Scudder 



Apparatus and Method 

The airplane with which these tests were made was a 
small Naval training biplane powered with a Warner engine. 
The dimensions and arrangement of the airplane are given in 
the 3~view drawing of Figure 8. The basic airfoil section 
of the wings of this airplane was presumably the Clark YM-15 
but the nature of the wing construction was such as to per- 
mit of considerable fabric sag with the result that the 
wing sections were different from the Clark YM-15 section 
and also from the sections tested in the wind tunnels. An 
additional effect of the fabric sag was to produce a marked 
irregularity of the nose portion of the wing midway between 
the ribs. This irregularity will be discussed later. 

The leading-edge modification was built up by bending 
strips of thin sheet duralumin on the smallest possible ra- 
dius to form a V and mounting these strips on triangular 
blocks having one edge formed to fit the nose of the wing. 
The strips were put in place on the nose of the wing and 
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made seen re with pieces of fa "brie doped down over the lead- 
ing-edge strips and back on the upper and lower surfaces of 
the wing. 

The leading-e&ge strips were of such dimensions and 
were mounted in such a position on the nose of the wings as 
to conform with a section derived by choosing a point 2 per 
cent of the chord ahead of the nose and 3.2 per cent of the 
chord above the chord line of the basic airfoil, and draw- 
ing two straight lines from this point tangent to the upper 
and lower profile curves. The new profile tlrus formed, as 
well as the "basic profile, is shown in Figure 9. Ordinates 
for the basic airfoil are given in reference 4. 

The section of the original wing was measured at sever- 
al r epr esentat ive ribs to determine how uniform the rib 
shapes were and how well the wing corresponded to the speci- 
fied ordinates. The resiilts of the measurements were as 
follows: (a) Aft of the front spar, which is about 11 per 
cent of the chord "bach: of the leading edge, the deviations 
of the individual rihs measured from a fair line were small; 
(b) forward of the front spar the rihs showed deviations of 
as much as 0.12 inch; and (c) the fair line deviated as 
much as 0.15 inch from the specified section ordinates. [Be- 
tween the ribs the shape was more irregular than at the 
rihs. The combined effect of a rather large fabric sag 
(approximately 3/8 inch) and a narrow strip of metal used 
as a nose former caused a sharp break in the wing profile 
at abont 1.25 per cent of the chord bach of the leading 
edge on both the upper and lower surfaces. The photograph, 
Figure 10, shows this condition. 

The instruments for the spin measurements consisted of 
a specially arranged pin-hole camera which gave measure- 
ments of the rate and axis of rotation by recording a trace 
of the image of the sun, an r T .A.C.A. 3~ component ac'c el Geom- 
eter (reference 5), a sensitive altimeter, and a stop watch 
The function of the instrument installation was the same as 
that of reference 6; namely, the complete measurement of 
forces, angular velocity, and vertical velocity of the spin- 
ning airplane, from which the moments, attitude angles, and 
flight path could be computed. The use of the pinhole 
ca' era represents a departure from the practice described 
in reference 6, since the three angular velocity recorders 
were rerlaced by this Instrument. The camera was provided 
with a tilting base and a rota t ing-dis v shutter so arranged 
that the rate of rotation and direction of the axis of rota- 
tion could be determined from t'.;.e setting of the camera and 
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the trace of the ■sun image on the plate. This camera \?as 
operated during only one turn of the spin and. since the' ac- 
celerometer record covered 1,000 feet of spin a means of 
synchronizing the two instruments was necessary. The syn- 
chronization was accomplished "by means of an auxiliary 
light in the ac c el er ome t e r connected in parallel with the 
camera shutter circuit. 

The instruments were mounted in accordance with the 
requirements outlined in references 6 and .7 , the most im- 
portant one "being that the ac c el er ornet er should "be mounted 
a known and small as possible distance from the center of 
gravity, -The pinhole camera was mounted at the trailing 
edge of the upper wing at the center section to avoid the 
occurrence of shadows on the camera. 

The apparatus used for measuring high speed in level 
flight and minimum speed in a glide consisted in an F.A.C.A 
trailing air-speed head (F it ot- stat ic) connected to an 
iT.A.C.A. recording air-speed meter (reference 8) "by means 
of small rubber tubes attached to the suspension cable. 
Level flight for the high-speed runs was maintained by 
means of a sensitive statoscope. The other instruments em- 
ployed were a sensitive altimeter and a thermometer. 

The sr in tests were made by the same flight procedure 
as used in the tests of references 5 and 7. Except for 
the slight difference involved in using the pinhole camera 
records, the computations were made in the same manner as 
in references 6 and 7. Since results of tests with several 
different ballast conditions without the sharp leading-edge 
strips were available, tests with several ballast condi- 
tions were made with the leading-edge strips for comparison 

Because of the occurrence of oscillations in the s^ins 
the tests reported herein were restricted to a s ma 1 1 e r num- 
ber than that preferred for this type of investigation. 
The oscillations seemed to be induced by the entry unless 
extreme care was exercised to avoid "whipping, 1 ! or by at- 
mospheric turbulence at any stage of the spin. Once 
started, the oscillations would usually persist for the re- 
mainder of the spin, but in a few cases the spin became 
steady after having been unsteady for a number of turns. 
On account of this tendency to oscillate, the spins were 
made in still air early in the morning whenever possible. 

The high speed in level flight was obtained by taking 
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the average speed over a 30- second test (made after high- 
speed equilibrium had "been established) in which level 
flight was maintained by means of a statoscope to approxi- 
mately 12 feet of altitude. The possible error in these 
tests resulting from variation of engine performance with 
air temperature and density was held at a minimum by choos- 
ing conditions for tests such that the variation of these 
factors was very small. The tests were run under practical- 
ly standard sen-level conditions. 

The maximum lift coefficient was calculated from data 
obtained in glides in which the velocity along the flight 
path was recorded by means of the instrument connected to 
the trailing Fitot-static head, and the vertical velocity 
was determined by timing a 500-foot loss of altitude as 
indicated by the sensitive altimeter. The minimum air 
speed and corresponding glide angle were determined from a 
fair curve drawn through a vector plot of the velocity along 
the flight path and the vertical component measured in sev- 
eral glides at angles of attach near that for maximum lift 
coefficient. (Fig. 11.) As at minimum gliding speed 

is very close to C Lmax (within 0.5 per cent) the calcu- 
lated value for that condition was taken as the maximum 
lift coefficient. The airplane weight used in the calcula- 
tions was corrected for the weight of fuel consumed in 
flight. During the glides the propeller was operating close 
to the v/nD for zero thrust. 



precision 



The estimated precision of the spin measurements was 
summarised in reference 7 as follows: 11 angular velocity, 3 
per cent for each component; acceleration 0.05 g; interval 
of altitude, 5 per cent; weight 1 per cer:t; moments of in- 
ertia 1 per cent The precision of t:ie angular velocity 
measurement in the present case is probably slightly better 
than in former tests owing to the use of tne pinhole camera. 
The improvement is indicated by the fact that the calculated 
vert ical- force component showed less variation from unity 
than formerly. The estimated ] rec's^on of the other quan- 
tities is as qiioted from reference 7. 

For comparative purposes the value of V and 

* Kid. X 

Otjiaa x ca$ be re,: & r o e d as a c c ur a te to within +0 .6 m . p . h . 
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and + 3 per cent, respectively. The absolute values are 
probably only slightly less accurate. 



Results and Discussion 



The results of the measurements for the steady spin are 
given in Table I (airrlane condition), II (instrument data), 
and III (computed results). The effect of the sharp leading 
edge on recovery was to give a pronounced increase in effec- 
tiveness of the controls. With the sharp leading edge in 
place it was necessary to manipulate the elevator with care 
to avoid coming out of the spin in a steep dive. In spite 
of this increased elevator effectiveness approximately the 
same height was required for recovery with the sharp leading 
edge as without it. 

The performance results are as follows: 





Max. speed 
m . p . h . 


^Lmax 


With sharp leading 






edge 


94.0 


1.10 


Without sharp lead- 






ing edge 


98 .2 


1.19 



The effect of the sharp leading edge on the spin shown 
by the results in Table III may be summarized as follows: 
Angle of attack was decreased about 10° for the case of the 
normal airplane loading (25° for the extreme condition); 
sideslip changed, from inward to outward; rate of rotation 
decreased to roughly 85 per cent of rate of rotation with- 
out the sharp nose. All of these are desirable changes in 
the spin. The change to outward sideslip is especially de- 
sirable, since the effectiveness of the fin and rudder is 
greater with outward than with inward sideslip. The verti- 
cal velocity, on the other hand, was greater with the sharp 
leading edge than without it. A further result was that 
with the sharp leading edge the spin was insensitive to the 
addition of ballast along the lateral axis. This condition 
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follows from the fact that sideslip was outward and that q 
the angular velocity in pitch, was almost zero. 

The improved effectiveness of the controls may he ex- 
pected as a result of the lower anfle of attach, and the 
outward sideslip of the spin as a result of the sharp lead- 
ing edge. The tendency of the airplane in this condition 
to terminate the recovery in a steep dive offsets any im- 
provement In altitude required for recovery that may have 
resulted from the improved control effectiveness. Since in 
its normal condition the airplane required only a trifle 
over one turn to recover, it was difficult to detect a real 
difference in the number of turns for recovery. 

The sharp leading edge produced a detrimental effect 
On the high speed and C Lmax . The reduction in high speed 
was unexpected inasmuch as the wind-tunnel tests indicated 
a slightly favorable rather than a detrimental effect on 
minimum drag. At present no satisfactory explanation of 
this apparent discrepancy seems possi'Dle, although it is 
worth noting that "because of the irregular shape of the 
airplane wings the sharp nose installation on the airplane 
can not "be considered equivalent to that on the wind-tunnel 
models. The reduction in Shafts fo '- 1::d in tiie flight tests 
agrees with the wind-tunnel results except in magnitude* 
This difference may he attributed to such factors as bi- 
plane affect, difference in Reynolds Number, and irregular- 
ity or the surfaces of the airplane wings. These disadvan- 
tages found with the sharp leading edges indicate a very 
limited applicability of the device as a method of control- 
ling dangerous spins. 



Conclusions 



1. A sharxi leading edge added to a thich or moderate! 
thick wing produces favorable effects on the spin. It 
causes a decrease in angle of attack and rate $f rotation, 
induces outward sideslip, and makes the controls more ef- 
fect ive . 

2. The effect of a sharp leading ed L ;e on the general 
performance of the airplane was unfavorable. The maximum 
speed T?as decreased 4 per cent and the value of C^may. " rfa3 
decreased about 7.5 per cent on the airplane tested. 

Lan^l ey Memorial Aeronaut icr 1 Lahorat ory , 

ITational Advisory Committee for Aeronautics, 
Langley Field, Va . , January 18, 1933. 
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TABLE I 



Airplane Conditions 



ft roup 


Toot 

numbers 


r 

Ballast position 

| _ , 


e.g. per 
cent mean 
chord 


JL 

b 

lb. /ft. 2 


Momenta! ellipsoi 


d constants* 


I 


slug ft . 


slug ft. 2 


slug ft. 2 


! T 

deg. 


A 


i 

45 


10 Id. in rear 


1 

38.0 


7.95 


836 


985 


i 

1,425 


0 






B 


50, 53 


134 lb. at wing 


31.5 


8.62 


1,252 


940 


1,796 


0 




a Hi J. 1* 11 






tips 
















s haro 






















nose 


C 


54, 56, 


48 lb. in rear 


40.0 


8.20 


836 


1,150 


1,590 


0 








58 




















D 


59 


No ballast 


31.5 


7.96 


830 


940 


1,380 


0 






B 0 


82, 84, 


134 Id. at wing 


31 .o 


6-88 


1,258 


943 


1,613 


0 








85 


tips 
















v With- 






















out 


Co 


88, SS, 


48 lb. in rear 


40.0 


6.88 




1,154 


1,608 


0 


; 


sharp 




90 


















nose 


Do 


36, 40, 


No ballast 


31.5 


7.74 


829 


941 


1,384 


0 








41 




i 












/ 





o 



K3 
CD 
O 



o 

m 



o 

CD 



-<2 



*See reference 6 for definitions of constants. 
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TABLE II 
I n s t r u m e n t D a t a 





Acceleromet er 
readings 


Angular 

_ ... 


velocity readings 


Vert ical 


Test 
Ho . 


X 
W 


Y 
T7 


Z 
¥ 


rad. / sec • 


q 

rad./ sec* 


r 

a / 

r a a . / s e c . 


veloci^j r 
£ t . / sec. 


45 


0.105 


0.066 


1 . 43 


-1.95 


-0 . 042 


-i .oo 


I 9 . 4 


50 


.07 8 


.032 


1 . 43 


-2.14 


-.011 


~ i . yi 


90. 9 


53 


. 0 94 


.024 


1.39 


-2.08 


An 7 

. 0<s 3 


- i . y i 


67.0 


54 


.085 


.0 34 


1.28 


-1. 50 


A A O 

. uuo 


- 1 . bu 


84.7 


56 


.085 


. 023 


1.23 


-1. 52 


. 0 7<s 


- 1 . bo 


67 .0 


58 


Ann 

• 08 9 


. 0 30 


1 . 33 


-1 . 55 


acq 




87.0 


59 


. 0 91 


A O /I 

. 024 


1 . 3b 


-2.01 


— . U 1 0 c 




87.7 


82 


. U<d o 


f\ A O 


1 1 A 
1 . 1 *± 


-1.46 


7 ^ Q 
i r OO 




6 6.8 


84 


. 0 5o 


Ann 

. 0 37 
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TABLE III 
Computed Spin Results 
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* Angle of attack referred to x axis (parallel to principal axis and thrust line). 
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Figure 1. -Sketch showing method of forming sharp leading edges. 




Figure 9. -Clark YM-15 airfoil with 2 per cent chord, sharp nose strip 
added. 
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Figure 2.- Aerodynamic charac teri3tics of the Clark Y, Clark Y-A and Clark Y-B airfoils. c5q* 
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Figure 3. -Variation of normal force coefficient with angle of attack. 
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Figure 4.-Comparison of lift curves for the airfoils 
tested under different conditions 
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Figure 5 -Profile drag 



o 



Pi 



o 
f-i 

O 
-P 

(U 
P 

nd 

-p 
PI 

Q) 

6 
o 
0 

bO 
3 



O 
h 

O 

-P 

PI " 

0) 
•H 

O 
•H 
<H" 
<M 

<D 

O 

o 




10 20 30 

Angle of attack, degrees 



10 20 30 

Angle of attack, degrees 



Figure 6. -Variation of rolling moment due to rolling 
with angle of attack. Forced rotation tests. 
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Figure 8. -Three-view drawing of XNZY-1 airplane. 
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Figure 11 -Typical velocity diagram for XN2Y-1 airplane. 



